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(S) Thin-film transistors. 

@ A gate-insulated thin-film transistor is fonmed on a substrate with a blocking layer therebetween so 
that it is possible to prevent the transistor from being contaminated by impurities such as alkali ions 
which exist in the substrate. Also, a halogen is added to either or both of the blocking layer and the gate 
insulator of the transistor in order that impurities such as afkali ions, dangling bonds and the like can be 
neutralized. By virtue of these measures the reliability of the device is improved. 
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Held of the Invention 

This invention relates generally to thin-film transistors (hereinafter referred to as TFTs) and particularly, 
though not exclusively concerns TFTs made of non-single-crystal semiconductor, for example IG-FETs f and 
5 relates also to their manufacturing processes. The invention has particular, though not exclusive, application 
to a highly reliable thin-film transistor which is suitable for use as a driving element of a display image sensor 
or liquid crystal device or the like. 

Background of the Invention 

10 

Thin-film transistors can be formed by a chemical vapor deposition method on an insulated substrate in a 
comparatively low temperature atmosphere, with a maximum temperature of 500°C, the substrate being made 
for example of an inexpensive materia] such as soda glass or borosilicate glass. 

Such a thin-film transistor may be configured as a field-effect transistor and can have the same features 
15 as a MOSFET. In addition, as mentioned above, it has the advantage that it can be formed on an inexpensive 
insulated substrate at a low temperature. Also thin film transistors can be formed on a large substrate by the 
use of CVD techniques. They therefore offer very good prospects for use as switching elements of a matrix 
type liquid crystal display having a lot of picture elements, or as switching elements of a one-dimensional or 
two-dimensional image sensor. 
20 Also, thin-film transistors can be formed using already established photolithography technology, by means 

of which very minute processes are possible, and can be integrated just as in the manufacture of an DC and so 
on. 

Fig. 1 of the accompanying drawings shows the construction of a typical prior art TFT. In Fig. 1 , the thin-film 
transistor comprises an insulating substrate 20 made of glass, a semiconductor thin film 21 made of a non-sin- 
25 gle-crystal semiconductor, a source region 22, a drain region 23, a source electrode 24, a drain electrode 25, 
a gate insulating film 26, and a gate electrode 27. 

In this type of thin-film transistor, the current flow between the source 22 and the drain 23 is controlled by 
applying a voltage to the gate electrode 27. The response speed of the thin-film transistor is given by the 
equation: 

30 S = fi.V/L 2 where L is the channel length, is the carrier mobility, and V is the gate voltage. 

In this type of thin-film transistor, the non-single-crystal semiconductor layer contains many grain bound- 
aries. Non-single-crystal semiconductor, as compared to single-crystal semiconductor, has disadvantages in 
that due to the many grain boundaries the carrier mobility is very low and thus the response speed of the tran- 
sistor is very slow. Especially if an amorphous silicon semiconductor is used, the carrier mobility is only about 
35 0.1-1 (cmW.sec) and is too low to function as a TFT. 

It is obvious that to solve this problem the channel length needs to be shortened and the carrier mobility 
increased. Many improvements are being made towards these ends. 

When the channel length L is decreased, the effect on the response speed is as the square of the channel 
length, and so reduction in channel length is a very effective means of increasing response speed. However, 
40 when forming elements on a large area substrate, it is difficult to use photolithography techniques to obtain a 
spacing between the source and drain regions (this spacing being essentially the channel length) of 10 \ixn or 
less, due to limitations of the precise process and to yield and manufacturing cost problems. Consequently, 
effective means for shortening the channel length of such a TFT have not as yet been found. 

On the other hand, to increase the mobility (jt) of the semiconductor layer, single-crystal semiconductor or 
45 poly-crystal semiconductor material may be used, and when using amorphous semiconductor material, the 
active region of the TFT should be crystallized after the semiconductor is formed using a process such as heat 
treatment 

In this case, a temperature higher than that normally required to form a-Si is necessary. For example: 

(1) Fora thin-film transistor made of amorphous semiconductor material, the amorphous silicon film is made 
so at a temperature of about 250°C and then a maximum temperature of 400°C is required for thermal anne- 
aling; 

(2) When a poly-crystal silicon film is formed by a low pressure CVD method, the maximum temperature 
required for forming the film and then for recrystailization is 500 to 650°C; 

(3) For a thin-film transistor where only an active layer is converted to poly-crystalline structure, the required 
55 CVD temperature for forming the semiconductor layer is 250 to 450°C, however the temperature exceeds 

600°C during a recrystailization of the active layer by CW laser. 

TFTs are commonly formed on a substrate made of a material such as soda glass and the active region 
of the TFT comes into direct contact with the glass substrate, especially in the case of stagger-type and cop- 
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lanar-type transistors. When making a TFT that has sufficiently fast response speed, heat treatment as men- 
tioned above is necessary and so the metallic alkali impurities such as sodium and potassium which exist in 
the glass substrate are externally diffused and forced into the semiconductor layer which forms the active layer 
of the TFT. This lowers the mobility of the semiconductor layer and changes the threshold value, making the 
5 characteristics of the device worse and having an adverse effect on the long-term reliability of the device. 

Also, through operation of a TFT, the TFT produces heat which causes the temperature of the glass sub- 
strate to rise thus causing impurities to be diffused from the substrate, which also has an adverse effect on the 
TFT. 

Generally, a gate-insulator of an IG-FET is made of a silicon oxide film which is formed by a sputtering 
10 method with argon (Ar) gas used as a sputtering gas. In the sputtering process, the argon atoms are inherently 
introduced into the gate insulator and generate a fixed charge in the semiconductor film. Also, ions that exist 
in the reaction space during sputtering collide with the surface of the active layer of the thin-film transistor and 
this causes damage to the active layer. As a result, a mixed layer of active and insulating material is formed 
at the boundary region between the gate insulation layer and the active layer of the transistor. In producing a 
15 TFT as described above, the problems of response speed and reliability still need to be solved. 

Objects and Summary of the invention 

It is therefore an object of the present invention to produce a high speed TFT which uses non-single-crys- 

20 tal-semiconductor. It is another object of the present invention to solve or at least substantially reduce the prob- 
lems of reliability mentioned above. 

In order to achieve the above objects, this invention in one of its aspects proposes that an insulation layer 
500 angstrom to 5000 angstrom thick is formed on the glass substrate as a bottom protective film before the 
TFT elements are formed, and the TFT elements are formed on top of this protective film. By means of such 

25 a structure, it is possible to keep impurities existing in the glass substrate from going into the active layer of 
the thin-film transistor or into the transistor elements themselves, and to provide a thin-film transistor that has 
high mutual conductance and high field-effect mobility. Also the diffusion of impurities from the substrate, which 
tended to occur when heat is generated during operation of the device, is suppressed. Furthermore, in a thin-film 
transistor according to the invention degeneration of the electrical characteristics of the transistor can be con- 

30 trolled giving long-term stability and reliability. 

The invention in another of its aspects provides furthermore for the addition of a halogen element to the 
protective film or to the gate insulator, whereby impurities intruding from outside or impurities in the film can 
be neutralized. Interface states between the insulation layer and the semiconductor layer can also be reduced 
by the halogen element This increases stability and reliability of the TFT. 

35 The above and further aspects of the invention are set forth with particularly in the appended claims and 

will best be understood from consideration of the following detailed description given with reference to the 
accompanying drawings. 

Brief Description of the Drawings 

40 

Fig. 1 shows a cross sectional view of part of a prior art thin-film transistor; 

Figs. 2(A) to 2(C) show the manufacturing process of a thin-film transistor in accordance with a first embo- 
diment of the present invention; 

Figs. 3(A) to 3(C) show the manufacturing process of a thin-film transistor in accordance with a second 
45 embodiment of the present invention; 

Figs. 4(A) to 4(D) show the manufacturing process of a thin-film transistor in accordance with a third embo- 
diment of the present invention; 

Fig. 5 is a graph showing the relationship between the flatband voltage of an insulation film formed by a 
sputtering method and the percentage of argon in the sputtering gas; 
so Fig. 6 is a graph showing the relationship between the flatband voltage of an insulation film formed by a 

sputtering method and the percentage of fluoride gas in the sputtering gas; 

Fig. 7 is a graph showing the relationship between the withstand voltage of an insulation film formed by a 
sputtering method and the percentage of fluoride gas in the sputtering gas; 

Fig. 8 is a graph showing the relationship between the mobility of a non-single-crystal semiconductor for- 
55 med by a sputtering method and the partial pressure of hydrogen in the sputtering gas: 

Fig. 9 shows the relationship between the partial pressure of hydrogen in the sputtering gas and the 
threshold voltage: 

Figs. 10 to 14 show TFT source current and source voltage characteristics; 
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Fig. 15 shows a Raman spectrogram of a semiconductor tayerformed in accordance with the present inven- 
tion; and 

Fig . 1 6 is a cross section al view of part of the structure produced by the manufacturing process of the fourth 
embodiment of thin-film transistor according to the present invention. 

5 

Detailed Description of the Embodiments 
Embodiment 1 

10 The manufacturing process of a planar type thin-film transistor in accordance with a first embodiment of 

the present invention is shown in Figs. 2(A) to 2(C). 

First a glass substrate 1 is made of soda glass and on an entire surface of the substrate 1, a 300 nm thick 
silicon oxide bottom protective film 2 is formed by sputtering. The formation conditions of the film are shown 
below. 

is Sputtering Gas oxygen 1 00% 

Reaction Pressure 0.5 Pa 

RF Power 400 W 

Substrate Temperature 1 50°C 

Film Formation Speed 5 nm/min 
20 Next, an approximately 100 nm thick l-type conductivity non-single-crystal silicon semiconductor film 3 is 

formed by a CVD method on the protective film 2. The manufacturing conditions are shown below. 

Substrate Temperature 300°C 

Reaction Pressure 0.05 Torr 

Rf Power (1 3.56 MHz) 80 W 
25 Gas Used SiH 4 

After this, a predetermined etching step is performed so that the structure shown in Fig. 2(A) is obtained. 
Next, in at least one region of the semiconductor film 3 an active layer is formed using an excimer laser to 

perform laser annealing to promote poly-crystallization. The conditions are as follows. 

Laser energy density 200 mJ/cm 2 

a? Number of Irradiation Shots 50 

Then a non-single-crystalline silicon layer 4 which has an N-type conductivity is formed on the above struc- 
ture by a CVD method as a low resistance non-single-crystal semiconductor layer. The formation conditions 

are as follows. 

Substrate Temperature 220°C 
35 Reaction Pressure 0.05 Torr 

Rf Power (1 3.56 MHz) 1 20 W 
Gas Used SihU + PH 3 

Film Thickness 1500 angstrom 

When making this N-type non-single-crystal silicon semiconductor layer 4, a large quantity of H 2 gas can 
40 be used and the RF power can be increased to form micro-crystals which lowers the electrical resistance. 

Then, a part of the N-type semiconductor layer 4 is etched by photolithography so that it is patterned into 
source and drain regions 4 and a channel region 7 is defined therebetween as shown in Fig. 2B. 

After that, hydrogen plasma processing is performed under the following conditions to activate the channel 
region 7. 

45 Substrate Temperature 250°C 
RF Power 100 W 

Processing Time 60 minutes 

On top of the structure shown in Fig. 2B f a 100 nm thick gate insulation film 5 is formed using the same 
material and the same method as was used for forming the bottom protective film 2. The contact holes for the 

50 source and drain regions are formed using an etching method and then the source, drain, and gate electrodes 
6 are fbnned using aluminum. By means of the above process, the IG-FET shown in Fig. 2(C) is formed. 

In this embodiment, the gate insulation film 5 and the bottom protective f8m 2 are made of the same material 
and are formed using the same method. Therefore, during heat treatment of the thin-film transistor or when 
heat is generated during operation of the transistor, there is no difference between in the heat expansion of 

55 the two and so there is no breakage or peeling of the aluminum or metal electrodes, giving the transistor long- 
term reliabflity. 
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Embodiment 2 

Figs. 3A to 3C show the manufacturing process of an IG-FET in accordance with a second embodiment 

of the present invention. First, a 500 angstrom to 5000 angstrom thick silicon oxide film 2 is formed by a sput- 
5 tering method on top of a soda glass substrate 1 as a protective film in a same manner as in Embodiment 1. 

Next, on the bottom protective film 2, a 200 nm thick molybdenum metallic layer 10 is formed. Formed on top 

of this structure is a non-single-crystal silicon film 8 which has P-type conductivity and has low resistance. The 

formation conditions this time are as follows. 

Substrate Temperature 230°C 
10 Reaction Pressure 0.05 Torr 

Rf Power (1 3.56 MHz) 150 W 

Gas Used SU + B 2 H 6 

Film Thickness 200 angstrom 

This semiconductor iayer can have ohmic contact with the l-type semiconductor layer that will be formed 
15 later in the process. 

Next, a predetermined pattern is etched, and the structure shown in Fig. 3(A) is obtained. On top of this 
structure, a 200 nm thick I-type non-single-crystal silicon semiconductor film 3 is formed by a sputtering method. 
The formation conditions are as follows. 
Substrate Temperature 250°C 
20 Reaction Pressure 0.2 Pa 

Rf Power (1 3.56 MHz) 80 W 
Gas Used Ar 

Then, using the same process as described in Embodiment 1, the l-type semiconductor layer 3 is heat 
treated causing polycrystallization and using a hydrogen plasma process it is activated and the structure shown 
25 in Fig. 3(B) is obtained. 

Further, Si0 2 is formed by sputtering to a thickness of 100 nm to constitute a gate insulator 5, in the same 
manner as in Embodiment 1, after which molybdenum gate electrode 9 is formed in a predetermined pattern. 
Thus a thin-fflm transistor is formed as shown in Fig. 3(C). 

In this embodiment, because there is a metallic electrode underneath the low resistance semiconductor 
30 layer 8, the wire resistance is very low. For a TFT that is used as a switching element in a large area liquid 
crystal device, if the wire resistance is low, the drive signal waveform is not distorted and the liquid crystal device 
can be driven at high speed. 

The silicon oxide film of this embodiment is formed using a sputtering method but may also be formed using 
photo CVD, plasma CVD, or thermal CVD. 
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Embodiment 3 



This embodiment will be explained with reference to Figs. 4(A) to 4(D). In this embodiment a halogen ele- 
ment is added to the protective film on the glass substrate or to the gate insulator of the IG-FET or more pref- 
40 erably to both. 

In Fig. 4(A) a 200 nm thick SiOa film 12 is formed on a glass substrate 11 using a magnetron-type RF sput- 
tering method with the following formation conditions. 



Reaction Gas 0 2 95% volume 

NP 3 5% volume 
Film Formation Temperature 150 °C 
RF Power (13.56 MHz) 4 00 W 

Pressure 0.5 Pa 

Silicon is used as a target. 

On top of this film 12, a 100 nm thick a-Si film 13 is formed by magnetron RF sputtering in order to form a 
channel region, so that the structure shown in Fig. 4(A) is obtained. The film formation is done in an atmosphere 
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of inert gas of argon and hydrogen and with the conditions shown below. 

H 2 /(H 2 + Ar) = 80% (partial pressure ratio) Film 
Formation Temper a ture 150 °C 

RF Power (13.56 MHz) 400 W 

Total Pressure 0.5 Pa 

Single crystal silicon is used as the target. 



After this, at a temperature of between 450°C and 700°C, for example 600°C, and in an atmosphere of 
15 hydrogen or inactive gas, in this embodiment 100% nitrogen is used, the a-Si film 13 is heat-crystallized for 10 
flours, so that a silicon semiconductor layer having high crystallinity is obtained. If a non-single crystalline silicon 
target is used and the input power is lowered, the crystal size becomes smaller and the crystalline condition 
more dense and therefore the subsequent heat-crystallization of the film is facilitated. 

Patterning is performed on this heat crystallized silicon semiconductor, and the structure shown in Fig. 4(B) 
20 is obtained. In a portion of the semiconductor layer 13, the channel defining region of the insulated-gate semi- 
conductor will be formed. 

Next, a 100 nm thick silicon oxide film (SiOa) 15 is formed by magnetron-type RF sputtering with the following 
formation conditions. 



Oxygen 95% volume; NF3 5% volume 

Pressure 0.5 Pa 

Film Formation Temperature 100 °C 

RF Power (13.56 MHz) 400 W 

A silicon target or synthetic quartz target is used. 



If an amorphous silicon target is used and the applied power is lowered, a densified silicon oxide film is 
obtained in which it is difficult for a fixed charge to exist 

When the silicon oxide film used in this invention, for example the gate insulation film, is formed using a 
sputtering method, it is preferable that the percentage of inert gasses is lower than 50% with respect to the 
40 halogen and oxide gasses, and desirably there is no inert gas. 

Also, if a halogen containing gas is mixed with an oxygen containing gas at 2-20% volume, it is possible 
to neutralize alkali ions that are incidentally mixed into the silicon oxide film 15, and at the same time to neut- 
ralize sBicon dangling bonds. 

On the siicon oxide film 15 there is formed a semiconductor layer (e.g. Si) by sputtering, CVD or the like, 
45 doped with an impurity (e.g. phosphorous) for imparting a particular conductivity type thereto, following which 
the layer is patterned in accordance with a prescribed mask pattern so that a gate electrode 20 is formed as 
shown in Fig. 4C. The gate electrode 20 is not limited to being formed of a doped semiconductor and metals 
or other materials may also be used. 

Next, using the gate electrode 20 or a mask on top of the gate electrode 20, seif-aligning impurity regions 
so 14 and 14' are formed by ion implantation. In so doing, the semiconductor layer 17 underneath the gate elec- 
trode 20 is made into a channel region of the insulated-gate type semiconductor device. 

After an insulating layer 1 8 is formed to cover the entire surface of the above structure, holes are made in 
the layer 18 for source and drain electrode contacts and an aluminum film extending into these holes is formed 
by sputtering, and then by using a predetermined pattern, the source electrode 16 and the drain electrode 16' 
55 are formed whereby the insulated-gate type semiconductor device is completed. 

The semiconductor layer that forms the channel region 17 and the semiconductor layers that form the 
source 14 and the drain 14' are made of the same material thus simplifying the manufacturing process. Also, 
semiconductor is crystallized in the source and drain regions as well as in the channel region, so that the carrier 
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mobility is enhanced, which makes it possible to make an insulated-gate type semiconductor device that has 
good electrical characteristics. 

Finally, this embodiment is completed by performing a hydrogen thermal anneal in a 100% hydrogen atmos- 
phere, at a temperature of 375°C for 30 minutes. This hydrogen thermal anneal lowers the grain boundary 
5 potential in the poly-crystalline semiconductor thereby improving the characteristics of the device. 

The size of the channel 17 of the thin-film transistor embodiment shown in Fig. 4(D) is 100 x 100 jim. 

As explained in the above, in this embodiment the thin-film transistors are formed using poly-crystalline 
semiconductor. 

For the sputtering method used in this embodiment, either RF sputtering or direct-current sputtering can 

10 be used, however, if the sputter target is made of an oxide with poor conductivity such as S1Q2, in order to main- 
tain a constant electrical discharge, the RF magnetron sputtering method is preferred. 

The oxide gas can be oxygen, ozone, or nitrous oxide, however, if ozone or oxygen is used, the silicon 
oxide film does not take in undesired atoms making it possible to obtain a very good insulation fflm, for example 
for the gate insulation film. Also it is easy to decompose ozone into 0 radicals and so the number of 0 radicals 

15 generated per unit area is large which contributes to an improvement in the film formation speed. 

The halogen containing gas can be a fluoride gas such as nitrogen fluoride (NF 3 , N 2 F 4 ), or a hydrogen 
fluoride gas such as (HF), fluorine gas (F2) or freon gas. N F 3 gas is easy to chemically decompose and to handle 
and its use is preferred. If a chlorine gas is used, it can be carbon chloride (CC1 4 ), chlorine (CI2), or hydrogen 
chloride (HCl). The quantity of halogen gas, for example nitrogen fluoride, is from 2 to 20% volume with respect 

20 to the quantity of the oxide gas, for example oxygen. The halogen elements, during heat treatment, neutralize 
alkali ions such as sodium in the silicon oxide and have an effect on neutralizing silicon dangling bonds. How- 
ever, if the quantity of the halogen elements is too large, the compound SiF* may be formed in the film and 
since this is a gas component it would lower the film quality and therefore is not desired. Normally, the quantity 
of halogen elements mixed into the fflm is from 0.1 to 5 atom % with respect to the silicon. 

25 In forming the gate insulation film by a sputtering method as is done in the prior art, the quantity of the inert 

gas argon is more than oxygen. Conventionally, oxygen is from 0 to about 1 0% volume. In the prior art sputtering 
method, it is natural to think that the argon gas hits the target material, resulting in target grains being generated 
to form a film on the surface. This is because the probability that the argon gas will hit the target material (sput- 
tering yield) is high. The inventors of the present invention have earnestly examined the characteristics of gate 

30 insulation films formed by the sputtering method and we found that the shift from the ideal value of flatband 
voltage, which reflects the number of fixed charges in the gate insulation film, and the interface states between 
the activation layer and the gate insulation film, indicating the gate insulation film performance, largely depends 
on the proportion of argon gas in sputtering. The flatband voltage is the voltage required to oppose the effect 
of the fixed charge in the insulation film and the lower this voltage the better are the characteristics of the insu- 

35 lation film. 

When a Si0 2 film is formed by a sputtering method on non-single-crystal semiconductor prepared in accord- 
ance with the present invention, the relationship between the proportion of argon gas with respect to oxygen 
and the flatband voltage is as shown in Fig. 5. The objects observed in this experiment were prepared in the 
following manner, namely a Si02 film is formed by sputtering on the poly-crystalline semiconductor layer shown 

40 in Fig. 4A and then an A! electrode is formed on it by electron beam evaporation. 

When the volume of argon is less than that of oxidizing gas (oxygen in the case of Fig. 5), for example 
50% or less, the flatband voltage is apparently reduced as compared to 100% argon gas. The shift from the 
ideal value of the flatband voltage depends largely on the proportion of argon gas. ff the percentage of argon 
gas is less than 20%, the flatband voltage is very close to the ideal voltage. The activated argon atoms in the 

45 reactive atmosphere when forming the film by the sputtering method, have an effect on the quality of the gate 
insulation film, and so it is desirable in the formation of the sputtered film to reduce the amount of argon atoms 
as much as possible. 

The reason for this is that the film formation surface is damaged by argon ions or by activated argon atoms 
colliding thereon, which results in the formation of interface states or fixed charges. 
50 Fig. 6 shows the relationship between the shift A Vps from the ideal flatband voltage and the percentage 

of fluorine with respect to oxygen in the sputtering gas (O2/NF3 volume %). 

In an experiment, a 1 mm diameter aluminum electrode was formed on top of a silicon oxide film 15 doped 
with halogen elements on the poly-crystalline silicon semiconductor 13 prepared in accordance with this inven- 
tion (Fig. 4A), then a thermal annealing was done at 300°C followed by a B-T (bias-temperature) process. 
55 Further a negative bias voltage of 2 x 10 6 V/cm was applied to the gate electrode at a temperature of 150°C 
for 30 minutes, and then under the same conditions a positive bias voltage was applied and in this state the 
shift of the flatband voltage AV FB was measured. 

As can be dearly seen in Fig. 6, when silicon oxide was formed by a magnetron RF-sputtering in an atmos- 
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phere in which NF 3 is 0%, AV FB was as much as 9V. However, if just a few halogen elements such as fluorine 
are added during film formation, this value is sharply reduced. This is because the positive sodium ions con- 
taminating the film during formation combine with the fluorine and are neutralized as follows: 

Na + + F~ — > NaF 

5 Si + +F"— >Si-F 

On the other hand, it is known that adding hydrogen neutralizes the silicon, however, the Si-H bond is likely 
to be separated again by a strong electric field (BT processing) and causes silicon dangling bonds and causes 
boundary levels to be formed, and so it is preferred to use fluorine for neutralization. Also, there always is a 
Si-H bond in the silicon oxide film. When this bond is separated again, the fluorine atoms neutralize the sepa- 

10 rated hydrogen atoms, which is effective in preventing the formation of boundary levels. Moreover, due to the 
existence of fluorine, the hydrogen bonded to the silicon bonds also with the fluorine, and thus the silicon pre- 
vents a fixed charge from developing. 

Figure 7 shows the withstand voltage of the Si0 2 film when more fluoride gas is added. The withstand volt- 
age is the voltage measured, using a 1 mm diameter aluminum electrode, when the leakage current exceeds 

15 1 uA. Depending on the test materials, there is disparity and so in the Figure, the value is shown by X and a 
(dispersion sigma value). The withstand voltage becomes lower as the percentage of fluorine gas is increased 
to more than 20% and the a value becomes larger. Therefore it is best if the added halogen element is less 
than 20% volume, and normally from 2 to 20% is good. Incidentally, when halogen gas was added at 1 volume 
% with respect to oxygen gas during the film formation, measuring by SIMS (secondary ion mass analysis), it 

20 was found that the density of halogen in the film was 2 x 10 20 atoms/cm 3 . It was found that when added sim- 
ultaneously, during the sputtering method of film formation, the fluorine element is very easily taken in by the 
film. However, if too much is added (more than 20%), the silicon oxide film tends to become porous and deg- 
raded because of the formation of SiF 4 , and as a result the withstand voltage becomes poor and very disperse. 
Also, it is desired that the materials used in sputtering be highly pure. For example, a sputtering target made 

25 of 4N or more synthetic quartz, or high grade silicon as used for the LSI substrate is very much to be desired. 
The sputtering gas used should be very pure (5N or more), and mixing of impurities with the silicon oxide film 
should be avoided as much as possible. 

In this embodiment, the silicon oxide film, that Is to say the gate insulation film formed by sputtering in an 
oxygen atmosphere with fluorine added, is irradiated by an excimer laser and flash annealing is performed. As 

30 a result, halogen elements such as fluorine introduced into the film are effectively activated to neutralize silicon 
dangling bonds so that the cause of a fixed charge in the film is removed. By selecting a suitable excimer laser 
power and irradiating the film for a suitable number of shots, activation of both the above halogen element and 
the semiconductor layer underneath the gate insulation film can be performed simultaneously. 

In the following there is provided an explanation regarding the formation of the a-Si semiconductor layer 

35 13 in Fig. 4(A) by sputtering in an atmosphere with added hydrogen, and the subsequent heat recrystallization 
of the layer. As previously described, the channel formation region of this embodiment is obtained by applying 
heat at from 450 to 700°C, e.g. 600°C, for crystallization of the non-crystalline, i.e. amorphous or close to 
amorphous semiconductor (referred as a-Si herein) obtained by the described sputtering method in a hydrogen 
atmosphere or an inert gas atmosphere with hydrogen mixed in. The semiconductor after crystallization had 

40 an average grain diameter of about 5 to 400 angstrom, and the quantity of hydrogen mixed in with the semi- 
conductor film was 5 atom % or less. Also, the crystals of this semiconductor had a distorted lattice and the 
boundaries of all of the crystal grains were bonded tightly from a microscopic view point, and the barriers to 
the carriers in the boundary regions were substantially eliminated. In a conventional poly-crystalline semicon- 
ductor without a distorted lattice, impurities such as oxygen tend to separate at grain boundaries, which forms 

45 barriers against carriers, however, in the present invention, these barriers are substantially eliminated by virtue 
of the distorted lattice and the mobility of electrons is from 5 - 300 crrtW.s, which is very desirable. 

Furthermore, in asemiconductorfilm obtained through a plasma CVD method, the proportion of amorphous 
elements is large. Portions of this amorphous element tends to be oxidized naturally and the inside of the semi- 
conductor is thus oxidized. On the other hand, a sputtered film is very dense and natural oxidation does not 

so advance inside of the semiconductor film, only the surface and a region very close to the surface are oxidized. 
This densified micro-structure makes it possible for the distorted lattice crystal grains to be pressed up very 
dose together, which does not allow an energy barrier against earners to be formed along the crystal grain 
boundaries. 

Using SIMS analysis, the quantity of oxygen impurities in the semiconductor film formed by this method 
55 was found to be 2 x 1 0 20 atoms.cnr 3 the quantity of carbon was 5x1 0 18 atoms-cnr 3 - and the quantity of hydrogen 
mixed in was less than 5%. The concentration value of the impurities measured using the SIMS method was 
taken in the direction of the depth of the semiconductor, and because the concentration changes in that direc- 
tion, the values recorded are the minimum values in that direction. The reason for this is thought to be the natur- 
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ally oxidized film on or very close to the surface of the semiconductor film. The concentration value of the impuri- 
ties did not change even after crystallization took place. 

It is of course preferable if the concentration of impurities is as low as possible for forming semiconductor 
devices, however, in the case of the present invention, even if oxygen is included in the semiconductor at 2 x 
5 10 20 atoms.cnr 3 , the properties of the semiconductor, such as its earner mobility, are not hindered because 
the semiconductor has a crystalline structure with a distorted lattice so that grain boundaries can be reduced. 

As can be seen from the laser Raman analysis data of this semiconductor film, shown in Figure 15, the 
peak indicating the existence of crystals is shifted to a lower wavenumber as compared to the peak of normal 
single crystal silicon (520cm- 1 ), thus proving the existence of a distorted lattice. 
10 The conditions required during RF magnetron sputtering for forming the non-single-crystal semiconductor 

are made clear by the comparison test described below. 

In order to investigate the relationship between the hydrogen partial pressure in the sputtering gas used 
when forming the non-single crystal silicon, and the electrical characteristics of the film, the following 6 com- 
parison tests are performed with different hydrogen partial pressures. 

15 

Example number 1 2 3 4 5 6 

Partial pressure% 0 5 20 30 50 80 

20 

The partial pressure is calculated as the percentage of hydrogen in the total sputtering gas, frV(H 2 + Ar) 
x 1 00%. Test 6 corresponds to Embodiment 3. The other conditions of the test were substantially the same as 
the conditions described in the foregoing for Embodiment 3. 

Figure 8 is a graph showing the relationship between the mobility \i of non-singie-crystal silicon and the 
25 partial pressure ratio (Ph/Ptotal = H^hfe + Ar)) of hydrogen in the sputtering gas. According to Figure 8, it is 
seen that remarkably high mobility is obtained when the hydrogen partial pressure is 20% or more. 

In the graph of Figure 9, curve Ashows the relationship between the threshold voltage Vth and the hydrogen 
partial pressure ratio. Curve B is used for comparison with the construction of this invention and represents a 
case similar to the embodiment except that the oxidized gate film does not have fluorine mixed in. 
30 According to Figure 9, it can be seen that when a gate insulation film with fluorine mixed in is used, as in 

the construction of this invention, a lower threshold voltage is obtained as compared with an insulated-gate 
field-effect transistor which uses a prior art gate insulation film. 

The lower the threshold voltage, the lower is the voltage needed to operate the thin-film transistor and the 
more advantageous are the characteristics of the device. Accordingly, Figure 9 shows that with conditions of 
35 high hydrogen partial pressure in the sputtering gas, a threshold voltage of 2 V or less, in normally off condition, 
can be obtained. Figure 9 also shows that the higher the partial pressure of hydrogen the lower is the threshold 
voltage. In all of the above tests, it was found that when the a-Si film which becomes the channel formation 
region was formed by a sputtering method, as the hydrogen partial pressure was increased so the electrical 
characteristics of the device were improved. 
40 Figures 10 to 14 show the relationship between drain voltage and drain current for different gate voltages 

in the IG-FET formed in the comparison test described above. 

Curves a, b, and c of Figures 1 0 to 14 correspond to gate voltages VG of 20 V, 25 V, and 30 V. The effects 
of the hydrogen partial pressure can be seen by comparing Figure 1 1 (partial pressure 5%) and Figure 12 (par- 
tial pressure 20%). In Figures 11 and 12, when the drain currents (curve c) are compared to each other at a 
45 gate voltage of 30V, it can be seen that the drain current obtained when the hydrogen partial pressure is 20% 
is 10 or more times larger than when the partial pressure is 5%. 

From this it can be seen that when the a-Si film 13 in Figure 4(A) is made, if the partial pressure ratio of 
hydrogen, added during sputtering, is increased from 5% to 20%, the electrical characteristics of the thin-film 
transistor are greatly improved. 
50 Figure 15 is a Raman spectrograph of semiconductor layers of heat crystallized a-Si films with hydrogen 

partial pressure ratios of 0, 5, 20, and 50%. The curves 91 , 92, 93, and 94 correspond to the partial pressure 
ratios 0, 5, 20, and 50%, respectively. 

Looking at Figure 15 and comparing curve 92 with curve 93, or in other words comparing hydrogen partial 
pressure ratios of 5% and 20%, it can be seen that when heat crystallization is performed and the hydrogen 
55 partial pressure ratio of the sputtering gas is 20%, the Raman spectrograph remarkably shows the crystal 
characteristics of the silicon semiconductor. 

The average diameters of the crystal grains were, from half-value width, from 5 to 400 angstrom, e.g. 50 
to 300 angstrom. The peak position of the Raman spectrograph is shifted to the lower wavenumber side a little 
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off from the 520 cnr 1 location of the single crystal silicon peak, which clearly indicates that there is distortion 
in the lattice. These results remarkably show the characteristics of this invention. That is, the effects of making 
the a-Si film using the sputtering method with hydrogen gas added, appears only when heat crystallization of 
the a-Si film takes place. 

5 When the crystalline structure is distorted in the above manner, the barriers which exist at grain boundaries 

can be eliminated, and therefore, the carrier mobility can be improved. Also, the segregation of impurities such 
as oxygen at the boundaries becomes very difficult so that high carrier mobility is possible. For this reason, 
even if the concentration of impurities in the semiconductor film is of the order of 2x 1 0 20 atoms-cirr 3 , no barriers 
against the carriers are formed, and the film can be used as the channel region of an insulated-gate semicon- 

10 ductor. 

In comparing Figs. 12, 13, and 14, it can be seen that as the hydrogen partial pressure in the sputtering 
gas increases when forming the a-Si film mentioned above, the drain current becomes large. This is very clear 
If curves c in Figs. 12, 13, and 14 are compared to each other. 

Generally, in a thin-film field-effect transistor, when the drain voltage V D is low, the relationship between 
15 the drain current l D and the drain voltage V D is given by the following equation: 

l D = <W/L^C(V D -V T )V D (i) 
(Solid. State electronics. Vol. 24. No. 11. pp.1059. 1981. Printed in Britain) 

In the above equation, W is the channel width, L is the channel length, p. is the earner mobility, C is the 
electrostatic capacitance of the gate oxide film, V G is the gate voltage, and V T is the threshold voltage. In the 
20 curves of Figs. 10 through 14 the regions near the origin are represented by the above equation (i). 

If the hydrogen partial pressure is fixed, the carrier mobility ^ and the threshold voltage V T are fixed, and 
also, because W, L, and C are values that are fixed in dependence upon the structure of the thin-film transistor, 
the variables in equation (i) are l D , V G , and V D . In the region near the origin of the curves shown in Figs. 10 
through 14, V G is fixed, and so it is seen that the curves are given by equation (i). and this equation describes 
25 the curves near the origin of Figs. 10 through 14. This is because this equation was approximately developed 
for when the drain voltage V D is low. 

According to equation (i), as the threshold voltage V T is lowered and the mobility \i gets larger, the slope 
of the curve increases. This is clearly shown when the curves of Fig. 10 through 14 are compared based on 
the mobSity and threshold voltages of Figs. 8 and 9. 
30 According to equation (i), it can be seen that the electrical characteristics of the thin-film transistor depend 

on \i and V T . Therefore, the device characteristics cannot be decided from Figs. 8 and 9 separately. When the 
slopes of the curves near the origin of Figs. 10 through 14 are compared to each other, it is clearly seen and 
concluded that it is good if the hydrogen partial pressure ratio of the sputtering gas, used when forming the 
a-Si film that will become the channel formation region, is 20% or more, and if possible 100%. 
35 Data showing the effects of this invention is shown below in Table 1. 

TaMe 1 

Hydrogen Partial 

40 

Pressure 



Ratio 


S Value 


Vth 


Mobility 


On/Off 


0 


2.5 


10.6 


0.30 


5.4 


5 


2.4 


7.9 


0.46 


5.7 


20 


1.6 


4.9 


2.11 


6.7 


30 


1.1 


4.5 


3.87 


6.9 


50 


0.78 


2.5 


10.1 


6.9 


80 


0.49 


1.9 


35.1 


6.2 



In Table 1, the hydrogen partial pressure ratio is the atmosphere condition in the magnetron RF sputtering 
method used when forming the a-Si film 13 of Fig. 4(A) which becomes the channel formation region 17 of Fig. 
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4(D) of this embodiment 

The, S value is the minimum value of [d(l D )/d(V G )l- 1 , 1 of the initial rise slope of the curves of the graphs 
that show the relationship between the gate voltage (V G ) and the drain current (I D ), which describes the charac- 
teristics of the device. As this value gets smaller, the inclination of the curves showing the (V G - l D ) character- 
5 tstics becomes sharper, and the electrical characteristic of the device is high. 

The on/off characteristic Is the log of the minimum ratio value of the drain current which occurs at a certain 
gate voltage and fixed drain voltage, and the drain current when the gate voltage is varied at the same fixed 
drain voltage. 

According to Table 1 , considering everything, it can be seen that in order to obtain a high performance Semi- 
te? conductor using the method of this embodiment, it is adequate to employ a hydrogen partial pressure ratio of 
80% or more. 

This invention of this embodiment has been explained in the foregoing by reference to silicon semiconduc- 
tors. However, It is possible to use germanium semiconductors, or silicon germanium semiconductor mixtures, 
in which case the temperature for heat crystallization can be lowered by about 100°C. 
15 Also, in forming a more densified semiconductor film or silicon oxide film in the above mentioned hydrogen 

atmosphere or in a hydrogen and inert gas atmosphere during sputtering, intense light or laser irradiation, of 
1000 nm or less, can also be applied continuously or in pulses to the substrate or to the sputtered and flying 
target particles. 

20 Embodiment 4 

In this embodiment, an insulated-gate type semiconductor device is formed as shown in Fig. 16. 

Coating of the insulated substrate with a silicon oxide film is effected in the same manner as in Embodiment 
1. However, in this embodiment the formation of the gate insulation film is finished before the formation of the 
25 semiconductor layer which forms the channel region. On the surface of an insulation film 12, 3000 angstrom 
thick metallic molybdenum is formed by a sputtering method, then a prescribed patterning is performed so that 
gate electrode 20 is formed. 

Then, a 100nm thick gate oxide film (SiO^) 15 is formed by a magnetron RF sputtering method under the 
conditions given below. 

30 

Oxygen 95% NF 3 5% 
Pressure: 0.5 Pa 

35 

Formation Temperature: 100°C 
RF(13.56 MHz ) Power Output: 400W 

A silicon target or synthetic quartz target is used. 

On the surface of the silicon oxide film, a 1 0Onm thick a-Si film 13, which will become a channel formation 
region, is formed by magnetron RF sputtering. The conditions of formation are as shown below in an inert argon 
and hydrogen gas atmosphere. 

45 

H 2 / (H 2 + Ar) - 80% (partial pressure ratio) Formation 
Temperature : 1 5 0 ° C 

50 RF (13.56 MHz) Output: 400W 

Total Pressure: 0.5 Pa 

55 The target used is made of poly-crystalline or non- 

single crystalline silicon. 
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After the formation of the a-Si film 13, the laminar structure is annealed for 10 hours in an atmosphere of 
hydrogen or inactive gas, for example, in an N 2 atmosphere at a temperature in the range of 450 - 700°C, speci- 
fically, at 600°C, and as a result, the a-Si film 13 is crystallized. In so doing, the channel region 17 is formed 
over the gate electrode 20. When the semiconductor layer fbnmed by this method is analyzed by SIMS analysis, 

5 the quantity of oxide impurities existing in the semiconductor layer is found to be 1 x 1 0 20 atoms-cnr 3 , the quan- 
tity of carbon is 4 x 10 18 atoms.crrr 3 , and -the amount of hydrogen is 5% or less. 

Next a 50nm thick n + a-Si film 14 is formed by a magnetron RF sputtering method and in an atmosphere 
of hydrogen partial pressure ratio of 10 99% or more (in this example 80%), and argon partial pressure ratio 
10 to 99% (in this example 19%) under the following conditions: 

10 Formation Temperature: 150°C 
RF (1 3.56 MHz) Power Output 400W 
Total Pressure: 0.5 Pa 

The target used is single-crystal silicon doped with phosphorus. 

Next on the semiconductor layer 14, an aluminium layer is formed, patterning is performed, and the source 

15 and drain impurity regions 1 4 and 1 4' as well as the source and drain electrodes 1 6 and 1 6' are formed, where- 
upon the semiconductor device is completed. 

In this embodiment, because the gate insulation is formed before the semiconductor layer for the channel 
formation region, the boundary regions between the gate insulation film and the channel region are moderately 
heat annealed during the heat crystallization process, thus making it possible to lower the density of boundary 

20 levels. 

Also in the aforementioned sputtering method the inert gas used is argon, however other inert gasses such 
as helium can be used, or reactive gasses such as SiH 4 or Si 2 H 6 which have been made plasmatic can also 
be used. 

Also in the magnetron RF sputtering method used for forming the a-Si film, the concentration of hydrogen 
25 is in the range of 20 to 100%, the film formation temperature is in the range of 50 to 500°C, the RF power output 
is in the range of 1 W to 1 0M W at a frequency in the ra nge of 500Hz to 1 00GHz. The values within these ranges 
can be freely selected, and in addition it is possible to use a pulsed energy source. 

Also, the hydrogen gas used for the sputtering can be converted to plasma more effectively by the use of 
intense light (having a wavelength of 1 000 nm or less) or electron cyclotron resonance (ECR). By making the 
30 hydrogen more plasmatic, the efficiency of the positive ions in sputtering is higher and thus micro structures 
in the fBm formed by sputtering, in the case of this embodiment, micro structures in the a-Si film, can be pre- 
vented. This is also applicable to the other process gasses. 

In the embodiments, a-Si is utilized as the non-crystalline semiconductor, however, other semiconductors 
such as germanium or a silicon-germanium mixture S^Ge^* (0 < x < 1) can also be used. 
35 Also it should be clear that the present invention can be used in stagger-type, coplanar type, reverse-stag- 

ger-type, and reverse-coplanar-type insulated-gate field effect transistors. 

Furthermore, the present invention is not limited to FETs but can also be used in the insulated film of other 
semiconductor devices such as DRAM. In the above embodiments, in order to achieve Na or K neutralization, 
the halogen gasses such as fluorine are used; however, other gasses such as phosphorus, carbon, or nitrogen 
40 with a density of 1 x 10 19 to 5 x 10** atom % can also be used. Also in the above embodiments the insulation 
film used is Si0 2 . however, according to specific needs, alumina, tantalum oxide, barium titanate, or silicon nit- 
ride can be used in the same way. 



45 Claims 

1. A thin-film transistor formed on a substrate and comprising source and drain regions, a channel region for- 
med between said source and drain regions, and a gate electrode fbnmed adjacent to said channel region 
with a gate insulator therebetween, and wherein a protective film is formed between said transistor and 

so said substrate for preventing said transistor from being contaminated by an impurity from said substrate. 

2. The transistor of claim 1 wherein said substrate comprises glass. 

3. The transistor of claim 1 or 2 wherein said impurity is an alkali ion. 

55 

4. The transistor of any preceding claim wherein said blocking fBm comprises silicon oxide. 

5. The transistor of any preceding claim wherein said blocking film is from 500 angstrom to 5000 angstrom 
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thick. 

6. The transistor of any preceding claim wherein a halogen is added to said blocking film. 

5 7. The transistor of any preceding claim wherein said gate insulator and said blocking film comprise the same 
insulating material. 

8. A thin-film transistor formed on a substrate and comprising source and drain regions, a channel region for- 
med between said source and drain regions, and a gate electrode formed adjacent to said channel region 
10 with a gate insulator therebetween, and wherein a halogen element is added to said gate insulator. 

9- The transistor of claim 8 wherein said halogen comprises fluorine or chlorine. 

10. The transistor of claim 8 or 9 wherein said halogen is added at a concentration of from 0.1 - 5 atoms %. 

15 

1 1 - The transistor of any of claims 8 to 1 0 wherein said channel region comprises a non-single crystalline semi- 
conductor having micro-crystals. 

12. The transistor of any of claims 8 to 11 wherein a blocking layer is formed between said transistor and said 
20 substrate. 

13. A thin-film transistor formed on a substrate and comprising source and drain regions, a channel region for- 
med between said source and drain regions, and a gate electrode formed adjacent to said channel region 
with a gate insulator therebetween, and wherein a silicon oxide layer is formed between said transistor and 

25 said substrate for preventing said transistor from being contaminated by an impurity from said substrate, 

and a halogen is added to said silicon oxide layer. 

14. The transistor of claim 13 wherein said halogen comprises fluorine or chlorine. 

30 15. A thin film transistor formed on a substrate and comprising source and drain regions, a channel region for- 
med between said source and drain regions, and a gate electrode formed adjacent to said channel region 
with a gate insulator therebetween, and wherein a protective layer is formed between said transistor and 
said substrate in order to prevent said transistor from being contaminated with an impurity from said sub- 
strate, and said channel region comprises a non-single crystalline semiconductor having a distorted lattice 

35 structure. 

16. The transistor of claim 15 wherein said non-single crystalline semiconductor comprises silicon. 

17. The transistor of claim 16 wherein said silicon semiconductor contains hydrogen at a concentration not 
40 higher than 5 atom %. 

18. The transistor of claim 16 or 17 wherein said silicon semiconductor contains micro-crystals having grain 
boundaries in the range of from 5 to 400 angstrom. 

45 



50 
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